Taste is indispensable for vertebrate to find a proper way of living by selection of foods at their discretion. It is also a mainstay in the construction of human culture and the food industry, but no systematic information is available regarding the molecular logic of taste signaling and associated chemical entities. Against this backdrop, our research had bumble beginnings in the 1990s and then traced a unique path of development revealing major signaling pathways involving G protein-coupled receptors, Gi2, PLC-2, IP 3 R3, PLA2IIa, TRPM5, KCNQ1, etc. The validity of our studies on the molecular biology of taste was verified by material science in the case of an enigmatic protein, neoculin, which converts sourness to sweetness. The study should provide new information for better understanding of taste-taste interactions which are important in food design.
Organisms are exposed to a variety of exogenous signals in their environments. They convert them to cognitive endogenous signals to select ways of surviving. Sensory systems work for this purpose, playing crucial roles in normalizing life processes. The sense of taste is directly involved in the feeding behaviors of animals. It is also a mainstay of our dietary culture and a basis of the food industry. This is one of the main reasons why the sense of taste has attracted a great deal of biological, social, and industrial interest.
The molecular science of taste had humble beginnings in the late 20th century. It traced a unique path of development in accordance with modern advances in molecular and cell biology. A great degree of international development of this science resulted after the time (2004) when the Nobel Prize of Medicine and Physiology was awarded to Buck and Axel 1) who identified the molecular entity of olfactory receptors as G-proteincoupled receptors (GPCRs) with a seven-transmembrane topology.
Early in the 1990s the author's group presented a paper which was the first to report that taste receptors are GPCR proteins. 2, 3) Taking advantage of this, we launched into taste science based on both molecular biology and food science, in the hope of giving shape to the paradigm of agricultural chemistry which is characterized by the collaboration of chemistry and biology and by the integration of basic and applied studies.
The present article is described by the stratification of (1) taste bud cells and intracellular signaling, (2) construction of primary culture of taste bud cells, (3) universality of taste signaling mechanisms in vertebrates, (4) genomics of signal transduction from gustatory neurons to the central nervous system, and (5) the molecular logic of taste-taste interaction and its application to food design. The item (5) is unique and particularly important as a material science verifying the validity of the proceeding studies (1)- (4) . It deals with a new sweet protein neoculin we found in a tropical fruit. Our previous studies [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] on oryzacystatin as the first well-defined cystatin of plant origin were of great use in pursuing this neoculin study. In the present paper, all these items are described in the above order of numbering.
I. Taste Bud Cells and Intracellular Signaling
As reported by Zuker's group, [15] [16] [17] [18] [19] two lines of tastereceiving GPCR proteins, T1R and T2R, residing on the surfaces of sensory cells in each taste bud have been recognized. The signals generated upon reception of tastants as first messengers activate the coupling G proteins and effectors, producing second messengers that excite taste cells by depolarization. The excitation results in transmitting the signals to gustatory neurons synapsed with the taste cells. A variety of molecular entities must intervene in this signal transduction-transmission process.
It is known that hetero-oligomeric T1R2-T1R3 responds to sweetness and T1R1-T1R3 to amino acid taste or umami, while T2R series of taste receptors respond to bitterness. [15] [16] [17] [18] [19] All these receptors are GPCR proteins functioning in coupling with G proteins, among which gustducin (Ggust) [20] [21] [22] is involved in receiving bitter tastants.
We found that while, cells expressing T2Rs as bitter taste receptors possess Ggust exclusively, this G protein is not necessarily expressed in cells having T1R molecules as sweet or umami taste receptors. Using the technique of in situ hybridization, we found that the -subunit of another G protein, Gi2, was clearly expressed in T1R-possessing cells. 23, 24) The use of these techniques also demonstrated that the effector phospholipase C-2 (PLC-2) 25, 26) was the molecule that recognized G protein activation, i.e., GTP/GDP exchange, resulting in a dissociation of the -subunit from the subunits. This finding led us to predict that PLC-2 activation can induce phosphoinositol (PI) turnover, with the formation of inositol trisphosphate (IP 3 ) and diacylglycerol (DG) from phosphatidyl trisphosphate (PIP2). IP 3 reacts with an endoplasmic membrane receptor to accelerate calcium ion flow into the cytosol. We observed that PLC-2 and IP 3 receptor 3 share a common taste cell. 26) All these results indicate that T1R-expressing cells are distinct from T2R-expressing cells. Despite this, all the cells were found commonly to express Gi2, PLC-2 effector, and IP 3 receptor 3 distinctly. A series of these events causes the enhancement of the intracellular concentration of Ca 2þ , which accelerated opening the gate of the tangent receptor potential (TRP) M5 channel 27, 28) for cell membrane depolarization. We thus found that a diversity of exogenous taste signals gave rise to simple, cognitive endogenous signals that were then transduced and transmitted intracellularly and trans-synaptically (Table 1) . Our findings described in summary form are i) the existence of PI turnover machinery; ii) the coexistence of TRPM5 activation-associated arachidonic acid cascade factors PLA2IIA, 29) monoacyl-glycerol lipase (MGL), and cyclo-oxygenase 2 (COX2), 30) and iii) the expression of electric potential-dependent potassium channels (KCN)Q1 and H2 as repolarization cascade factors. 31) KCNQ1 was expressed in most taste bud cells. This strongly suggests that, besides sweetness-, umami-, and bitterness-receiving cells, some unidentified taste cells exist, participating in reversible depolarization-repolarization circuits. KCNQ1-expressing cells were found to contain candidate sour taste receptor (PKD2L1)-expressing cells. [32] [33] [34] Other chemical entities which we have found in taste bud cells include CAP, 35) CNG channel, 36) and G proteins 37) and taste bud-specific maker proteins. 38) 
II. Construction of Primarily Cultured Taste Bud Cells
To understand the molecular and cell biology of taste reception and signaling, it is indispensable to observe the functional expression of taste-related genes in taste bud cells. The observation necessitates constructing a primary cell culture system. Many studies [39] [40] [41] [42] have been attempted of taste-bud cell culturing, with unsuccessful results. To break through the hurdles bringing about the failures, we carried out experiments to solve fundamental problems. First we characterized matrigel, fibronectin, and laminine as matrix elements involved in the connection of cultured taste bud cells, 43) and found proper conditions for enhancing their extracellular Ca 2þ -dependent connectivity. 44) Cultured taste bud cells we thus constructed from rat circumvallated papillae were alive for up to 1 week, which was long enough for us to pursue our planned experiments. 45) Also, the cells were found to express taste cell-intrinsic signaling molecules T1R1, Ggust, and PLC-2. We then tried adenovirusaided introduction of -adrenergenic receptor as a GPCR protein that structurally resembled the taste receptors T1R and T2R. The resulting cultured taste bud cells were found to have acquired the ability to receive noradrenalin, with a significant increase in intracellular [Ca 2þ ]. 45) Thus the representative taste signaling molecules were expressed in the cultured cells, as in the case in vivo. It was also possible to introduce taste-related genes for functional expression. The cultured taste bud cells should find use as a new tool in taste signaling analysis, and in the near future as a taste sensor that faithfully and intelligibly reflects the human sense of taste.
III. Universality of Taste Signaling Mechanisms in Vertebrates
It is recognized as appropriate in the investigation of the universal nature of vertebrates to use fish as the prototype of mammals. A good example is offered by medaka and zebrafish as internationally accepted model animals. 46, 47) We have performed analysis of 1A-adrenoreceptor, 48) olfactory receptors, [49] [50] [51] [52] and other GPCRs, 53, 54) and have searched in fish databases and e-genetic data, which provided us with information on candidate taste receptors. 55) Studies of these candidates using the in situ hybridization technique revealed that fish as well as mammals possess T1Rs and T2Rs, which are expressed in mutually segregated cells. It was also found that the fish T1R1s and T1R3s show high degrees of amino acid similarities to mammalian T1R1s and T1R3s, respectively. On the other hand, fish T1R2s showed almost equal degrees of similarity to mammalian T1R1s and T1R2s. In T1R2, there is 31-34% identity between fish and mammal ( Fig. 1) . We analyzed receptor-ligand relationships with the use of HEK 293 cells made to express these molecules. 56) From consideration of the results with special reference to tastant reception and feeding behaviors, it was inferred that, while T1R2-T1R3 functions as a sweet-taste receptor in humans and other mammals which generally prefer sweetness, this receptor in fish responded to amino acid taste rather than to sugar taste. This discrepancy between fish and mammals suggests that taste receptors have undergone molecular evolution to adapt to environmental nutrients such as proteins and amino acids in the water and to those such as starch and sugars on land (Fig. 2) . It is known that in mammals the taste receptors T1R1, T1R2, and T1R3 are of single gene. We found that although T1R1 and T1R3 were of a single gene in fish, there were two members of T1R2 in zebrafish, and at least three members of T1R2s in medaka (Fig. 1) . In addition, the T1R2 members were coupled with T1R3 to form a variety of heterodimers that function as amino acid receptors. The profiles of the amino acids received varied depending on the combination of these heterodimers. Fish may receive and ingest amino acids sometimes as a protein source and sometimes as an energy source via gluconeogenesis. On the other hand, T2R receptors in fish and in mammals responded to denatonium (a bitter tastant) with aversion 56) (Fig. 2) . In terms of molecular entities functioning in the downstream of taste reception, fish were similar to mammals. In fish the important signaling marker PLC-2 57) is involved in opening the PI turnover-associated TRPM5 channel 58) (Fig. 1) . Similarities between fish and mammals, including humans, were thus found in taste reception and subsequent signal transduction (Fig. 2) . In fish as well as in humans, taste signals are transmitted by the facial and glossopharyngeal nerves to the brain where the tastes are recognized, and this is reflected in dietary behaviors. 59) It is likely that taste signaling is a life process common to many vertebrates, and that a high degree of universality exists with respect to molecular mechanisms. Our study with fish provides a good example of the well-known paradigm in biology, ''Use model animals to know humans.'' Technically, the use of fish such as medaka is more favorable than that of mammals whose taste reception-transduction mechanisms are similar but whose taste-information treatment in neural networks is much more complex. 59) As a new approach, we designed a quantitative assay system applicable to medaka for quantification of taste reception (input) and taste preference-aversion as reflected in it feeding behavior (output). Constructing a coordinated input-to-output assay system should facilitate observation of likes and dislikes as to a given food and the measurement of food intake. We prepared a unique, floating diet that contained controlled amounts of various tastants and a given amount of fluorescent label, DiIC 12 , in order to quantify the ingested food by fluorometry of the digestive tract 60) (Fig. 3A) . The use of this device in preference-aversion assays revealed that it was possible to introduce exotic genes into T1R-T2R-expressing cells of medaka by the use of a PLC-2 transcription-regulatory region of 1.6 kbp 61) (Fig. 3B ). With this transgenic system, we succeeded in constructing a medaka mutant that expresses Gi2S47C 62) coupled with T1R-T2R. 60) This mutant was expected to inhibit the activation of PLC-2 downstream of the amino acid taste receptor (T1R) and the bitter taste receptor (T2R) (Fig. 3B) . As expected, the mutant became sensoryblinded as a result of losing both amino acid-preference and bitterness-aversion mechanisms (Fig. 3C) . The use of this taste-blind fish in the elucidation of taste signaling mechanisms might be useful in the analysis of sensory recognition-feeding behavior relationships in mammals including humans 60) (Fig. 3D) .
IV. Genomics of Signal Transduction from Taste Nerves to the Brain
In mammals, tastants are received at the taste bud position (input) and the consequently generated signals are transduced to gustatory neurons. The taste signals are finally recognized in the brain (output) for discrimination between likes and dislikes. However, little has been clarified in research at the molecular level. Against this backdrop, we launched into an investigation of somatosensory nerves that respond to pain, temperature, and irritative tastants such as capsaicin, as well as gustatory neurons that respond to the five basic tastes, sweetness, sourness, saltiness, bitterness and umami. We analyzed the gene expression profiles of each neuron in cranial sensory ganglia containing trigeminal, geniculate, petrosal, and nodose ganglia.
63) The use of DNA microarray and histochemical techniques was successful in identifying a number of candidate genes showing neuron type-specific expression in the peripheral ganglia (Fig. 4) . [64] [65] [66] We also applied these techniques to parabrachial nucleus (PBN) to find molecular markers useful for the characterization of taste-signaling specific to PBN. It was possible to accumulate PBN-intrinsic information at the genetic level.
Wheat germ agglutinin (WGA) is available as a visible trans-synaptic tracer. 67, 68) We established transgenic mouse lines in which WGA was expressed in sweet/umami-responsive taste receptor cells under the control of mouse T1R3 gene promoter/enhancer. 69) As a result, WGA protein was transferred from taste cells to a subset of gustatory neurons in the geniculate and nodose/petrosal ganglia, and was clearly observed in a subpopulation of NST neurons. This technique gave a
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Taste cell-based discrimination clue to the taste coding process, and was found useful in verifing the hypothesized labeled line theory, 70) which states that sweet-, sour-, salt-, bitter-and umamitransducing pathway lines from taste cells to the central gustatory area via gustatory neurons are independent. Our study should also contribute to so-called sensory systems biology in the near future.
V. Molecular Logic of Taste-Taste Interactions and Its Application to Food Design
There are various cases of taste-taste interactions. Food scientists and technologists have long paid a great deal of attention to taste modification. Examples are offered by a sweet tastant that attenuates sourness and by a sour tastant that potentates sweetness, but no information is yet available to explain the molecular logic of such antagonistic-synergistic taste phenomena.
We have found and isolated a sweet protein, neoculin, from the fruit of a tropical plant, Curculigo latifolia, which grows wildly in West Malaysia. 71) We then determined the primary structure of neoculin by molecular cloning. 71) Neoculin shows conversion of sourness to sweetness in the presence of acids, e.g., citric acid. This means that the taste of sour lemon can be changed into a sweet orange-like taste when noeculin is added. Acidification of the gustatory environment to pH 4 or lower makes neoculin taste about 400 times as sweet as sugar on a weight basis and about 40,000 times as sweet on a molar basis, with a decrease in sourness. Structurally, this protein is a heterodimer of an acidic subunit (NAS) and basic subunit (NBS), both being about 10 kDa in molecular mass. 71) We established an Aspergillus oryzae-aided expression system, producing sensory-active NAS-NBS as a secretory protein that resembled wild neoculin in most respects. 72) The sensory properties of neoculin, viz., sweetness and taste-modifying activity, are recognized almost exclusively by humans. We constructed a cultured human-embryonic kidney (HEK) cell system by introducing the human sweet taste receptor hT1R2-hT1R3 together with chimeric G protein, which functioned in coupling. 73) Challenged with neoculin at acidic pH, the HEK cells responded, enhancing its intracellular [Ca 2þ ]. For quantitative measurement we used a calcium imaging method, and found that the measurements depended on the concentration of the acid used as a ligand and on the pH value of the culture medium. Also, the HEK cell responses were regulated to a greater or lesser extent depending on the concentration of lactisole which is used as an hT1R2-hT1R3 inhibitor.
73) The cell assay system worked, faithfully simulating in sensory tests conducted with well-trained panel members. This in vitro assay is expected to be applied in the objective evaluation of sweet tastants in general.
Biochemically, elicitation of the sensory activity of neoculin required the N-terminal extracellular domain of T1R3. 74) This receptor-ligand interaction accorded with the pH-dependent sensory activity of neoculin, viz., activation at pH 6 or lower and inactivation at pH 8 or higher. 73) This changing pattern closely resembled the imidazole titration curve, suggesting the involvement of histidine residues that can undergo protonation-deprotonation at pK values of about pH 6. X-ray crystallography with a pure neoculin preparation revealed that the five histidine residues were exposed to the surface. 75) This permits trapping of the protons supplied by the acid, attenuating its sourness (Fig. 5) . To characterize the potent sweetness of neoculin itself, we adopted molecular dynamics simulation, and inferred that NAS and NBS interacted tightly with each other to form a closed quaternary structure at neutral pH, while at acidic pH the interaction became loose, shifting toward an open form 75) (Fig. 5) . The possible closed-open state equilibrium is reflected in the pH-dependent, reversible change in sweetness (Fig. 5) .
The validity of this conclusion was verified by recent studies of ours with a neoculin variant engineered by replacement of all the histidine residues (H) with alanine (A).
76) The HA variant tasted sweet even at pH 8 and, on top of that, the sweetness held pH-independent. At all the pH levels investigated, the variant was found to interact with hT1R2-hT1R3 (Fig. 6 ) and, the sweetness elicited at such a pH level was completely inhibited in the presence of neoculin. This finding indicates that even under alkaline conditions, neoculin acts as an antagonist to interact with hT1R2-hT1R3, while it acts as an agonist potentiating its own sweetness under acidic conditions. These data provide a molecular logic explaining the taste attenuation-protentiation event.
Of phytophysiological interest is that neoculin can be recognized as having evolved from plant mannose lectins, [77] [78] [79] since it has a certain degree of amino acid sequence similarity to garlic lectin for example. However, no blood-coagulating activity exists any longer in neoculin. This is extremely important in view of food safety. To reconfirm the wholesomeness of neoculin, we investigated its effect on Caco-2 cells by the DNA microarray method. Fortunately, no significant result was obtained as to gene expression profiles. 80) Neoculin should eventually find use as a non-caloric, non-glycemic functional food material for anti-diabetic use.
81)

VI. Perspectives
One of the most important attributes of food is its palatability which is triggered on the reception of tastants at the taste bud position. We have focused our studies on taste reception and subsequent signal transduction, demonstrating that the mechanisms of taste preference aversion in vertebrates share a common principle. In addition to the life science of the sense of taste, a methodology of material science was introduced to determine the molecular logic of enigmatic taste-taste interaction events in the case of a taste-modifying protein, neoculin, as a ligand. The use of X-ray crystallography and molecular dynamics simulation was successful in proposing a taste receptor-ligand docking model (Fig. 7) . Also, we recognized the possibility that neoculin acts as a taste agonist and antagonist in a pH-dependent manner. There are also a variety of taste-taste interactions and complex taste coding mechanisms in the brain. Elucidating these points should contribute to explaining the psychological cognition of the sense of taste. Our molecular studies have unveiled major segments of the taste-sensory events in the body, and should provide information for a better understanding of food palatability. Both life and material sciences at the molecular level are promising for solving a number of problems confronting food scientists.
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